Three-dimensional (3D) printing technologies offer the possibility of visualizing patient-specific pathologies in a physical model of correct dimensions. The model can be used for planning and simulating critical steps of a surgical approach. Therefore, it is important that anatomical structures such as blood vessels inside a tumor can be printed to be colored not only on their surface, but throughout their whole volume. During simulation this allows for the removal of certain parts (e.g., with a high-speed drill) and revealing internally located structures of a different color. Thus, diagnostic information from various imaging modalities (e.g., CT, MRI) can be combined in a single compact and tangible object.
Introduction
Surgical treatment of skull base tumors is a challenging task requiring precise preoperative planning 1 . Multimodal imaging using computed tomography (CT) and magnetic resonance imaging (MRI) provides the surgeon with information about the patient's individual anatomy. In clinical practice, this diagnostic information is visualized by displaying a series of two-dimensional (2D) cross-sections representing different aspects of the anatomy (e.g., CT for visualization of bone, CT angiography for vessels, MRI for soft tissue).
However, especially for beginners, medical students, and patients, understanding the complex relations of the different 3D structures to the cross-sectional images is challenging. Beside cadaveric studies 2 , this problem could be addressed by establishing real-size anatomical models of individual pathologies, displaying anatomical structures in different colors 3 .
Thanks to technical advances in the last years, 3D printing technologies allow cost-effective construction of complex shapes 4, 5 . Therefore, this technique offers the possibility to construct patient-specific anatomical models that are tangible, clearly depict spatial relations, and can be used for surgical planning and simulation. Especially in rare and complex cases such as petrous apex chondrosarcomas, preoperative simulation of tumor removal in an individual case might help to improve the self-confidence of the surgeon and the patient outcome.
Common FDM-printing (filament deposition modelling) techniques only allow for creating objects with a closed surface in one or a limited variety of colors 6 . To provide a model for surgical simulation that contains various complex shaped anatomical structures mainly nested inside each other, fully volumetrically colored 3D prints are needed. This allows for a successive removal of tissue layers until an internal structure is revealed.
Plaster-based color 3D binder jetting is a technique able to produce the required multicolor models 7 . Whereas in its standard configurations only the surface of an object can be colored, herein a modified technique is described to ensure volumetric application of color to internal anatomical structures.
To demonstrate this technique, cases of patients with skull base chondrosarcomas were selected as an example. Chondrosarcomas account for 20% of all neoplasia in the skeletal system, mostly located in the long bones. Primary skull base chondrosarcomas are a rare condition responsible for 0.1-0.2% of all intracranial tumors 
Discussion
The therapy of intracranial chondrosarcoma is mainly based on complete surgical removal. Often located on the petrous apex, this tumor is close to important structures such as the internal carotid artery, the optic nerve, and the pituitary gland. Therefore, planning the surgical trajectories is a crucial step prior to surgery. Multicolor 3D printing allows for fusion of these structures, each derived from different imaging modalities, into a single object.
During the preparation for 3D printing it is important to carefully select adequate imaging data. High resolution images with a small slice thickness are well suited for 3D reconstruction and smooth transitions, whereas high slice thicknesses will produce coarse, uneven objects. Another critical step of the method is to avoid any intersections of two neighboring objects such as tumor and skull bone. Therefore, Boolean operations have to be performed to subtract one object from the other.
To allow for volumetric coloring it is necessary to create onion shell-like subsurfaces inside an object (Figure 2A,B) . It is necessary to have a minimum distance between two adjacent surfaces of at least 0.1 mm to obtain smoothly colored objects (Figure 2D) . If the distance chosen is above this value, the individual shells inside the object might become visible (Figure 2C) . Attention should be paid to an increased color consumption of the 3D printer when using volumetric coloring. Furthermore, it is also important to check the model for any loose parts and add supports when necessary (e.g., the basilar artery).
The method can only produce stiff, plaster-like material that is not very durable. Especially without the hardening procedure, the model can be easily destroyed during the unpacking procedure. Thus, fragile elements such as blood vessels often tend to break apart.
The technique is also not suitable for simulation of soft tissue. To simulate brain tissue, for example, it might be necessary to either print it with a method that is able to produce soft and hard materials directly 12, 13 or to print molds that can be used to cast soft objects, such as silicone rubber
